It is well known that glycogen and trehalose accumulate in yeast under nutrient starvation or entering into the stationary phase of growth, and that high levels of trehalose are found in heat-shocked cells. However, effects of various types of stress on trehalose, and especially on glycogen, are poorly documented. Taking into account that almost all genes encoding the enzymes involved in the metabolism of these two reserve carbohydrates contain between one and several copies of the stress-responsive element (STRE), an investigation was made of the possibility of a link between the potential transcriptional induction of these genes and the accumulation of glycogen and trehalose under different stress conditions. Using transcriptional fusions, it was found that all these genes were induced in a similar fashion, although to various extents, by temperature, osmotic and oxidative stresses. Experiments performed with an msn2/msn4 double mutant proved that the transcriptional induction of the genes encoding glycogen synthase (GSY2) and trehalose-6-phosphate synthase (TPS7) was needed for the small increase in glycogen and trehalose upon exposure t o a mild heat stress and salt shock. However, the extent of transcriptional activation of these genes upon stresses in wild-type strains was not correlated with a proportional rise in either glycogen or trehalose. The major explanation for this lack of correlation comes from the fact that genes encoding the enzymes of the biosynthetic and of the biodegradative pathways were almost equally induced. Hence, trehalose and glycogen accumulated t o much higher levels in cells lacking neutral trehalase or glycogen phosphorylase exposed to stress conditions, which suggested that one of the major effects of stress in yeast is to induce a wasteful expenditure of energy by increasing the recycling of these molecules. We also found that transcriptional induction of STRE-controlled genes was abolished a t temperatures above 40 "C, while induction was still observed for a heat-shockelement-regulated gene. Remarkably, trehalose accumulated to very high levels under t h i s condition. This can be explained by a stimulation of trehalose synthase and inhibition of trehalase by high temperature.
INTRODUCTION
Glycogen and trehalose are the two major reserve carbohydrates in the yeast Saccharomyces cerevisiae and can represent up to 25 % of the dry cell mass, depending on the environmental conditions (Lillie & Pringle, 1980) . Most of the genes encoding enzymes involved in the Abbreviations: STRE, stress-responsive element; HSE, heat-shock element.
biosynthesis and biodegradation of these ~ 0002-1435 0 1997 SGM J. 1,. P A R R O U a n d OTHERS pounds have been characterized over the last five years (reviewed by Fransois et al., 1997) . Glycogen synthesis starts with an initiator protein encoded b y GLGZ and GLG2 (Cheng et al., 1995) , which catalyses the formation of an a ( 1,4)glucosyl primer from UDP-glucose. Elongation of this primer proceeds vcith glycogen synthase, which exists in two isoforms, encoded by G'SYI and GSY2 (Farkas et al., 1991) , and a branching enzyme encoded by GLC3 (Thon et af., 1992; Rowen et a/., 1992) , which introduces the a(1,6) branches on the mature glycogen. Gaclp has been identified as a component of the protein-phosphatase complex which specifically activates glycogen synthase by dephosphorylation (FranGois et al., 1992) . The breakdown of glycogen into GlclP and free glucose occurs by the combined action of a glycogen phosphorylase encoded bv GPHI (Hwang et a/., 1989) , and a debranching enzyme carrying transferase/glucosidase activities (l'abata & Hizukuri, 1992) . Trehalose is synthesized from UDP-glucose and Glc6P in a two-step reaction involving a trehalose-6-phosphate synthase (Tre6P sjnthase) encoded by TPSl (Bell et al., 1992; Vuorio et ai., 1993) and a trehalose-6-phosphate phosphatase (Tre6P phosphatase) encoded by TPS2 (De Virgilio et al., 1993) . The two enzymic activities are borne by a multicomplex protein which contains a third component, encoded by TSLl, with no obvious enzymic ac-tivity (Vuorio et ai., 1993) . The hydrolysis of trehalose into glucose can be carried out by a neutral cytosolic trehalase encoded by N T H I (Kopp et al., 1993) , or by an ac-id-vacuolar trehalase encoded by ATHI (Destruelle et ai., 1995 ; Alizadeh & Klionsky, 1996) .
The expression of genes involved in glycogen and trehalose metabolism in response to adverse environmental conditions has been partially documented. Notably, it has been shown that mRNAs corresponding to N T H l and TPS2 increased during a heat shock from 30 to 40 "C (Nwaka et al., 1995; De Virgilio et al., 1993) aiid that TPS2 and G A C l transcripts were induced upon osmotic stress (Gounalaki & Thireos, 1994; Schiiller et a/., 1994) . Bell et al. (1992) also showed, by Western blot alialysis, that the TPSI gene product increased when yeast cells were shifted from 27 to 40 "C. Ni & Laporte (1995) reported a five-to tenfold induction of / Igalactosidase activity expressed from a GSY2-lac2 gene fusion after a temperature shift from 23 to 37 "C. Furthermore, induction of GSY2 by heat shock, and TPS2 by osmotic shock, were shown to be dependent on the presence of a stress-responsive element (STRE; core consensus CCCCT) in the promoter of these two genes (Ni & Laporte, 1995; Gounalaki & Thireo:s, 1994) . This element has been demonstrated to be essential for the response of other STRE-regulated genes such as DDR2, CTTI and HSPZ.2 (reviewed by Ruis & Schiiller, 1995) , arid since all the genes involved in glycogen and trehalose metabolism contain between one and several copies of the STRE in their promoter (Varela et al., 1995) , these genes may be affected by a much broader range of stress conditions. In addition, their transcriptional induction could require Msn2p and Msn4p transcriptional factors, as has been shown recently for some stress-responsive genes (Martinez-Pastor et al., 1996) .
Looking for a physiological role of STREs present in the promoter of genes involved in glycogen and trehalose metabolism, we investigated the transcriptional activation of these genes and the metabolic consequences with respect to glycogen and trehalose accumulation in response to various types of stress.
METHODS
Yeast strains and culture conditions. Yeast strains used in this study are listed in Table 1 . In heat-shock experiments, and unless otherwise stated, cells were grown at 25 "C and then shifted to a higher temperature in temperaturecontrolled water baths. It was checked that the cultures (50 ml in 500 ml flasks) reached the water bath temperature in less than 2 min.
Construction of gene fusions. The episomal and integrative vectors from Myers et al. (1986) were used to generate the lacZ gene fusions (Table 2 ). The promoters from glycogen metabolism genes were cloned in-frame with the lacZ gene using PCR-amplified products obtained from the pairs of primers listed in the table. This methodology allowed the introduction of BamHI and PstI restriction sites to the 5' and 3' ends of the amplified fragments. The length of the sequence upstream to the translation initiation site was 693 bp for GSY2,694 bp for GACl and 406 bp for GPHl. The lac2 gene was fused to the sixth codon of each of the genes. pJL5 was further sequenced to confirm the fidelity of the amplification reaction. With respect to trehalose metabolism genes, the strategy for generating the transcriptional fusions was slightly different (see Table 2 ). The promoters were cut from their respective loci using appropriate restriction enzymes and inserted inframe with facZ using the vectors described by Myers et af. (1986) . The length of the sequence upstream to the translation initiation site was about 1 kb for TPSl and 770 bp for N T H l .
pW204A-236 bearing the SSA3-facZ gene fusion (Boorstein & Craig, 1990) was kindly provided by E. Craig (University Wisconsin, Madison, USA).
Chromosome integration of gene fusions. All constructs were digested with NcoI and integrated at the URA3 locus of the genome according to the targeted integration method described by Orr-Weaver et af. (1983) . Unless otherwise stated, the diploid strain JF326 was used as the recipient for transformation, which was carried out using the modified 
Primers for amplification of promoters lithium acetate method (Schiestl & Gietz, 1989) . The transformants were selected for URA3 prototrophy and lacZ expression. Correct integration at the URA3 locus was verified b! Southern blot analysis for a few of the transformants.
H,iploid segregants were obtained using the standard yeast genetic procedure for sporulation and tetrad analysis (Rose et al., 1990) .
Enzyme assays. Cell samples for p-galactosidase assay (about 2-5 x lo8 cells) were collected by centrifugation (3800 g for 6 Inin), washed once with 1 ml cold water and the pellet was immediately frozen at -20 "C. Crude extract was prepared according to Rose & Botstein (1983) with the following modifications. The frozen pellets were resuspended in 500 pl breaking Z buffer in glass tubes in the presence of 1 g glass beads (0.5 mm diameter). The tubes were vortexed four times at top speed in 30 s bursts, being chilled on ice between bursts. The extracts were clarified by centrifugation (1000 g for 10 min) and the supernatants were used for the enzyme assay and protein determination (Bradford, 1976 ) using BSA as a standard. Cell sampling, preparation of crude extracts and assays of glycogen synthase were carried out as described previously (Franqois et af., 1988). Tre6P synthase activity was assayed at 42 "C according to the non-radioactive method described by Vandercammen et al. (1989) .
Determination of glycogen and trehalose contents. The procedures described previously for the determination of glvcogen and trehalose (Becker, 1978; Vandercammen et al., 1989) were used with the following modifications. The cell pellet (obtained as for p-galactosidase assay) was resuspended in 250 pl 0.25 M Na,CO, and heated at 95 "C for 2 h with occasional stirring. The suspension was adjusted to p H 5.2 with 150 pl 1 M acetic acid and 600 p1 0.2 M sodium acetate buffer pH 5-2. Half of this mixture was incubated overnight at 57 "C with continuous shaking on a rotary shaker in the presence of 100 pg of a-amyloglucosidase from Aspergillus niger (Boehringer, 208464) , freshly prepared as a 10 mg ml-l stock solution made in 0-2 M sodium acetate buffer p H 5.2. Incubation at this temperature was found to he optimal for complete glycogen degradation and inhibition of endogenous trehalase which contaminated the amyloglucosidase. The second half of the mixture was incubated overnight at 37 "C in the presence of 3 mU trehalase (Sigma, T8778, 0.25 U ml-l). The glucose liberated was determined with the glucose oxidase reagent (Sigma, kit 510-A).
Western blot analysis. Total proteins were extracted from 1 in1 of exponential-phase culture which was mixed with 150 p1 of a solution containing 1.85 M N a O H and 7.4% Bmercaptoethanol, and incubated on ice for 10 min. Proteins were precipitated by the addition of 300 pl 5Cl% TCA. The mixture was mixed by inversion and incubated on ice for 2 h before centrifugation (3 min, 13000 r.p.m.). The pellet was washed with 1.2 ml cold acetone, dried under vacuum in a Speedvac and resuspended in 40 plO.1 M NaOH.
Proteins (40 pg, as determined by Bradford essay) were separated by electrophoresis on a 10 ' / o SDS-polyacrylamide gel and transferred to nylon membranes (Hybond-C, Amersham). Proteins were further probed with a 1 : 10000 dilution of primary antibody KH-1142 raised against the 56 kDa subunit of Tre6P synthase (a gift from J. Londesborough) and a 1 : 3000 dilution of horseradish peroxidase-anti rabbit secondary antibody, according to the ECL Western blotting protocols (Amersham).
RESULTS

Stress-inducibility of genes encoding glycogen and trehalose metabolic enzymes and effect of msn mutations
In order to investigate the quantitative response of genes encoding enzymes of glycogen and trehalose metabolic pathways to various stress conditions, we used strains with chromosomally integrated promoter-lacZ fusions (Table 1 ). The stress-inducibility of these genes was compared with those of C T T l , a well-characterized stress-responsive gene (Schiiller et al., 1994) . The values of P-galactosidase reported in Fig. 1 are those obtained after 1 h incubation under the different stress conditions since the kinetics of induction showed that the level of expression of these genes reached a maximum within this period of incubation. In response to various stresses, glycogen and trehalose genes displayed the same induction pattern. The induction factor ranged from fiveto sevenfold for the temperature shift to 37 "C, to twoto threefold for the osmotic shock with 0.3 M NaC1. In contrast, treatment with 0.4 M sorbitol, and oxidative stresses carried out with 0.4 mM H,O, or 5 mM benzoate, caused a weak but definite induction of genes. At higher concentrations (up to 1.5 M NaCl or up to 5 m M H,O,), the induction of these genes was much lower, or even abolished. Stress responses were also tested with the N T H l gene, encoding neutral trehalase.
Using, in this case, a multicopy plasmid bearing the N T H l promoter fused to lacZ, a two-to threefold induction of P-galactosidase activity was measured after 1 h incubation at 37 "C or after exposure of cells to 0.3 M NaCl (results not shown). These results were comparable to those obtained with integrated lacZ fusions.
We then verified that the induction of TPSl was actually accompanied by changes in the amount of its product, Tpslp, using the antibody KH-1142 raised against this polypeptide (Vuorio et al., 1993) . The increase in the intensity of the immunoreactive 56 kDa band corresponding to T p s l p in cells exposed to the various stresses (Fig. 2a, b ) correlated fairly well with the Pgalactosidase induction from the TPS1-lacZ gene fusion. The most surprising result was obtained upon treatment of the cells with H,O,. We found a net increase in the amount of protein in the 56 kDa band during the 1 h incubation, while the transcriptional activation of TPSl as measured from the lacZ fusion gene was barely detectable (see Fig. 1 ). We do not have any explanation for this discrepancy. However, this result is consistent with the observation of Schiiller et al. (1994) , who reported that GACl mRNA was also induced in response to oxidative stress, but to a lesser extent than osmotic shock. The strong intensity of the signal observed in the control culture after 150 min incubation is likely to have resulted from TPSl induction at the end of the exponential growth on glucose (J. L. Parrou & J. Fransois, unpublished data).
The stress response pattern of the CTT1-lac2 gene fusion was clearly different from that found for genes 
Control 25 -+ 3 7 "C involved in glycogen and trehalose metabolisms. In particular, thcsc genes were much less sensitive to osmotic and oxidative stresses than C T T l (see also Schuller et al., 1994; Martinez-Pastor et al., 1996) . This difference in sensitivity between C T T l and GSY2 was apparently strain-independent since similar results to those shown in Fig. 1 were obtained when the GSY2-lac2 gene fusion was integrated into the genome of W303-1A. Schuller et al. (1994) showed that expression of C T T l was abolished under osmotic shock in mutants defective in HOG1 or PBS2 genes encoding components of the high-osmolarity-glycerol signalling pathway, These authors also showed that GACl mRNA was reduced in these mutants ; consistent with this latter result, we also found a reduced induction of the other glycogen and trehalose genes in a hog1 mutant exposed to 0.3 M NaCl (data not shown).
Because M S N 2 and M S N 4 are required for transcriptional activation of STRE-regulated genes such as (Martinez-Pastor et al., 1996) , we investigated the expression of GSY2 and TPSl in an msn2/msn4 double mutant exposed to a mild heat stress and an osmotic shock. We found that the basal expression of these two genes, as estimated by lacZ fusions, was two-to threefold lower than in a wild-type strain. Upon a temperature shift to 37 "C and an osmotic stress, the transcriptional activation was completely abolished in this mutant (result not shown). Effects of stress on glycogen and trehalose contents in wild-type and msn2/msn4 double mutant strains
H S P l Z , C T T l or DDR2
As shown in Fig. 3(a) , all the stress conditions tested caused a sizeable rise in glycogen content, even after treatment of yeast with H,O,, which did not lead to significant activation of the corresponding genes. With regard to trehalose (Fig. 3h) , the rise was transient after a temperature shift from 25 to 37 "C, weak but reproducible during incubation of cells in the presence of 0.3 M NaCl as already noticed by Lewis et al. (1999, and isogenic gph7 strain PH3-6B (a, V). and undetectable upon exposure to oxidative agents. hlutants defective in both Msn2p and Msn4p transcriptional activators did not accumulate glycogen and trehalose under heat or osmotic shock (not illustrated).
Genetic evidence for recycling of glycogen and trehalose in response to stress
The observations that the increase in glycogen and trehalose did not correlate with the extent of GSY2 and ?'PSI transcriptional induction, and that genes of synthesis and degradation were similarly induced by stress, led us to investigate the possibility of an enhanced recycling of these molecules in response to stress. This question has already been studied by Hottiger et al.
( 3 987) for trehalose during heat shock. While these authors demonstrated a futile cycling of trehalose using pulse-chase experiments, we tested this hypothesis with a genetic approach using mutant strains defective in glycogen phosphorylase (gphl mutant) and neutral trehalase (nthl mutant). As it can be seen in Fig. 4(a) and 5(a), accumulation of glycogen and trehalose was strongly enhanced in gphl and nthl null mutants subjected to a temperature shift to 37 "C. Furthermore, the accumulation of trehalose was sustained in the nthl mutant, while it was transient in the wild-type (Fig. 3b) . Treatment of yeast cells with H,O, also caused an important increase in both glycogen and trehalose (Fig.  4b, 5b) . As with the heat-shock treatment, exposure of c d s to 0-3 M NaCl resulted in a higher and sustained level of trehalose in a nthl null mutant (Fig. 5c ). In contrast, the accumulation of glycogen upon salt stress was abolished in a gphl mutant (Fig. 4c ).
All these experiments also showed that exponentially growing cultures of gphl and nthl mutants contain, respectively, two to five times higher levels of glycogen and trehalose than the isogenic wild-type strains, indicating the occurrence of a weak recycling of these molecules under normal growth conditions.
Effect of the absolute temperature at which the heat shock was performed on glycogen and trehalose induction
Since there are almost as many different temperature upshift conditions as papers dealing with heat shock, i.e. temperatures ranging from 36 "C (Panek et al., 1990) to 45 "C (Winkler et al., 1991) , we wished to carefully investigate the effects on glycogen and trehalose metabolism of the absolute temperature at which the heat shock is performed. This experiment (Fig. 6) showed that the induction of TPSl was seen in cells transferred to 33 "C, reached a maximum of four-to fivefold at 37 to 38 "C, and then dropped precipitously to zero at temperatures above 40 "C.
The lack of transcriptional activation at 42 "C was also seen for N T H 1 and C T T l and all glycogen genes and was not strain-dependent since the same observation
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Te m pe ra t u re ("C) Fig. 6 . Effect of the absolute temperature a t which the heat shock is performed on the TSPI-lacZ gene fusion, and on the levels of glycogen and trehalose. An exponentially growing culture of strain JLP87-8A a t 25°C was divided into portions and transferred t o water baths a t the indicated temperatures. Samples were taken for a 2 h period t o obtain the kinetics of gene induction and the pattern of glycogen and trehalose accumulation. The maximal values, which were usually obtained after 1 h incubation, are reported, except for trehalose a t low heat-shock temperatures (33 t o 37 "C). Since trehalose accumulated transiently a t this temperature range, the value corresponding t o the peak of accumulation was taken and reported on the figure. +, p-Galactosidase; 0, glycogen;
A, trehalose. was found for the GSYZ-lacZ fusion integrated in the W303-1A genome. In contrast, p-galactosidase activity from SSA3-lac2, a typical heat-shock-element (HSE) -regulated promoter, still increased threefold at this temperature (results not shown). This experiment indicated that the lack of transcriptional induction at 42 "C could not be due to the instability of pgalactosidase. We verified this by a 42 "C incubation of yeast extract containing p-galactosidase expressed from a lac2 fusion, and found that the p-galactosidase activity remained unchanged over a 2 h period. To confim further that transcriptional induction failed at 42 "C, we determined by both Western blot analysis and enzyme activity assay whether the TPSZ product was expressed.
We found that there was neither increase in the signal nor change in Tre6P synthase activity during the incubation of yeast at 42 "C (Fig. 7 ) , whereas these two parameters drastically rose after incubation of cells at 37 "C (see Fig. 2b ).
The temperature-dependent activation of GSY2-lac2
was identical to TPSI-lacZ (not shown), and the pattern of glycogen accumulation followed that of gene induction (Fig. 6) . However, the extent of glycogen accumulation and transcriptional induction did not correlate since GSYZ was induced twofold while there was no increase in glycogen at 33 "C. This lack of correlation is likely to have been due to the concomitant increase in
GPHl expression (Fig. 1) , which counteracted glycogen synthesis. At temperatures above 40 "C, the lack of glycogen accumulation could be related to the defect in the transcriptional induction of GSY2 (Fig. 1) and to reduced glycogen synthase activity. We indeed found that the activity of glycogen synthase was optimal between 25 and 30 "C and was reduced to 25 O/o at 42 "C (data not illustrated).
In contrast to the situation with glycogen, the synthesis of trehalose in response to increased temperature did not follow the transcriptional induction of TPSl. 30 7 0 lower in this mutant strain. We also found that the accumulation of trehalose at 42 "C was enhanced twofold in a nthZ null mutant (results not shown), indicating that at this high temperature, trehalase was not completely inactive.
DISCUSSION
As detailed in other reports (Ruis & Schiiller, 1995; Varela & Mager, 1996) , stress conditions imposed on yeast can be as diverse as entry into stationary phase, nutrient starvation, high and low temperature, high and low osmolarity, high ethanol concentration and presence of heavy metals or oxidative compounds. Several similarities have already been reported for the response to these stresses and a previous exposure to one stress generally increases the acquisition of tolerance against challenge by another stress (Schiiller et al., 1994; Mager & de Kruijff, 1995; Lewis et al., 1995) . Hence, it is not surprising to find convergent molecular responses and a common feature at the transcriptional level, namely the stress-responsive element (STRE), a cis-acting element with the core consensus CCCCT present in the promoter of genes known to be induced by a broad range of stressful conditions (Varela et al., 1995) . Previous results with artificial promoters bearing one or more STREs in both orientations showed that the extent of gene induction was dependent upon the number of these motifs (Kobayashi & McEntee, 1990; Marchler et al., 1993) . Furthermore, a certain degree of synergism among different repeats within a promoter was also shown to be necessary for efficient transcriptional activation of stress-responsive genes, including DDR2 (Kobayashi & McEntee, 1993) , GSY2 (Nz & Laporte, 1995) and HSPZ2 (Varela et al., 1995) . Our study showed that all the genes encoding enzymes of glycogen and trehalose metabolism were induced in a similar fashion and to the same extent in response to stress, independently of the number of STREs, ranging from one (GACI), to two (GSY2) or even six repeats (TPSI). These data agree with those of Winderickx et al. (1996) who showed a co-induction of all the genes encoding subunits of the Tre6P synthase/phosphatase complex in response to stress. It was at variance with that of CTTZ which contains three CCCCT motifs, but as for this lat-ter gene and other STRE-responsive genes (MartinezPastor et al., 1996) , the transcriptional induction of genes involved in glycogen and trehalose metabolism WJS lost in an msn2/msn4 double mutant in response to heat and osmotic stress (results not shown). This demonstrates that the stress response of these genes is mediated by the interaction of STREs with Msn2p/ Msn4p transcriptional activators. However, our results also indicated that not all STREs in the promoter of these genes contribute equally to the stress response, and th,at one STRE could be predominant in this, response, as has been shown previously for HSPI2 (Varela et al., 1995) and for GSY2 (Ni & Laporte, 1995) . Therefore, wc suggest that the interaction of the predominant STRE with Msn2p/Msn4p requires other undefined cisor trans-acting elements to confer a relative specificity of the transcriptional response of genes involved in glycogen and trehalose metabolism as compared to CTTZ and perhaps other STRE-regulated genes.
The expression of SSA3, encoding a protein of the Hsp70 family, has been shown to be dependent on two cis-acting elements: a typical HSE and a specific upstream activating sequence named UAS,,,, (Boorstein & Craig, 1990) . This latter element has been considered to be a variant of STRE, and hence SSA3 is thought to be a STRE-regulated gene (Ruis & Schuller, 1995; Winderickx et al., 1996) . The fact that SSA3 does not respond to osmotic shock (Winderickx et al., 1996) and is still induced at temperature above 40 "C (see below) suggests that SSA3 is not a STRE-regulated gene.
Another aspect of this work was to show that the transcriptional induction of genes was not accompanied by a corresponding accumulation of these reserve carbohydrates. However, experiments with mutants defective in MSN2/MSN4 indicated that the increase in glycogen and the transient rise of trehalose upon a temperature shift ranging from 33 to 37 "(3, or after a salt shock, required the transcriptional activation of GSY2 and T P S I . A likely explanation for the lack of correlation between transcriptional induction and accuinulation of reserve carbohydrates is that both biosynthesis and biodegradation pathways are activated almost to the same extent. As a consequence, a major effect of stress was to drastically stimulate a recycling of glycogen and trehalose molecules instead of favouring their accumulation. For instance, it can be calculated that in yeast cells incubated at 37 "C, recycling of glycogen and trehalose amounts to about 10 pmol glucose min-l (g dry weight)-'. This assertion mainly rests on experiments performed with mutants defective in the key enzymes catalysing the degradation of glycogen and trehalose, and it is consistent with the previous demonstration that heat shock induced a futile cycling of trehalose (Hottiger et al., 1987) . It could be interesting to quantify more precisely this cycling under various types of stress using pulse-chase experiments. Because this recycling of molecules resulted in ATP hydrolysis, the physiological significance of this wasteful expenditure of energy induced by stress needs to be clarified. Also, the fact that the accumulation of glycogen upon salt stress was cancelled by deletion of GPHI is puzzling and adds more complexity to the already unclear function of this polymer in yeast.
Some previous workers seeking to understand the mechanism by which heat shock induced the accumulation of trehalose argued that the induction of expression of TPSZ was an essential key in this process (Hottiger et al., 1987; Bell et al., 1992) , while others suggested that this rapid accumulation primarily resulted from the direct effect of temperature on the kinetic properties of Tre6P synthase complex and trehalase (Neves & Franqois, 1992; Londesborough & Vuorio, 1993) . Here, we showed that both gene induction and temperature modulation of kinetic properties of trehalose enzymes takes part in this process, but their relative involvement is strongly linked to the temperature range at which heat shocks are performed. Within temperature upshifts between 33 and 37 "C, the transcriptional activation of TPSZ was needed to allow a net, but otherwise transient, accumulation of trehalose. Between 37 and 40"C, small changes in the absolute temperature resulted in a strong reduction of TPSZ expression, but in great changes of kinetic properties of Tre6P synthase/phosphatase complex and trehalase. However, it seems that transcriptional activation of TPSZ is still needed for optimal trehalose accumulation in this range of temperatures because experiments performed with either a thermosensitive mutant deficient in protein synthesis (De Virgilio et al., 1991) or in the presence of cycloheximide, an unspecific protein synthesis inhibitor (Panek et al., 1990; Neves & Frangois, 1992; Lewis et al., 1995) , showed a lower accumulation of trehalose.
At temperatures above 40 "C, induction of STREregulated genes was abolished, while trehalose accumulated to very high levels. The capacity of cells to accumulate high levels of trehalose seems to be linked to the amount of Tre6P synthase they contain before the stress. In favour of this, an msnZ/msn4 double mutant accumulated less trehalose at 42 "C than the isogenic wild-type because the basal expression of TPSZ, and thus the activity of Tre6P synthase, was reduced. As a conclusion, the fact that the most efficient accumulation of trehalose occurred above 40 "C is a nice illustration of the in vivo function of the high temperature-dependence of Tre6P synthase activity reported by Londesborough & Vuorio (1993) . Moreover, assuming that trehalose is a major component for yeast thermotolerance (De Virgilio et al., 1991 Attfield et al., 1994; Piper, 1995) , this peculiarity of Tre6P synthase is likely to be an evolutionary adaptation of yeast to produce trehalose under conditions which are otherwise inhibitory f o r the STRE-dependent transcriptional machinery.
